Paint systems containing color-change or fluorescing compounds were found to be sensitive to underlying corrosion processes by reacting to the pH increase associated with the cathodic reaction that accompanies corrosion. The sensitivity of acrylic-based coating systems for detection of cathodic reactions associated with corrosion was determined by applying constant cathodic current and measuring the charge at which color change or fluorescence was detected. Visual observation of coated samples with the unaided eye can detect changes resulting from a charge corresponding to a hemispherical pit with depth on the order of 10 µm. The characteristics of modified acrylic coating systems were studied by titration tests. Electrochemical Impedance Spectroscopy was also performed to test the influence of the indicating compound addition on the coating corrosion protectiveness. The time for color change was determined to be controlled by the sensitivity of the coating to pH increase, and not by the coating protectiveness.
INTRODUCTION
The early detection of corrosion in aging aircraft has both economic and safety implications. In airplanes, corrosion may occur in relatively inaccessible locations, such as within the lap joints of the skin of an airplane as is shown schematically in Figure 1 . As a result, detection of localized corrosion in a large, complex structure such as an airplane is extremely difficult. Many different sensors and techniques are being developed to detect corrosion. However, these sensors are only effective if they are either physically located at the place where the corrosion is happening, or sensitive to corrosion occurring remotely.
The basic idea of this study is to modify paint in order to make it a sensor for corrosion since paint covers, and thus has access to, the whole surface of an airplane. The goal is to sense the cathodic reaction that accompanies the oxidative corrosion reaction. The main cathodic reaction for any form of atmospheric corrosion is oxygen reduction:
For localized corrosion such as pitting, crevice, and exfoliation corrosion, this cathodic reaction will tend to occur at more-accessible locations than the anodic reaction, i.e. nearer to the source of oxygen in the air, Figure 1 . This reaction will cause an increase in the local pH at the location where it occurs, so a paint that is sensitive to pH increases generated by the cathodic reaction will indirectly be sensing corrosion occurring nearby.
Others have pursued similar approaches. Color-change pH indicators have been incorporated into organic coatings as a tool for determining the pH gradients associated with filiform corrosion beads. Fluorescent dyes were applied to microelectronic test vehicles to detect pH changes associated with corrosion of Al or Au metallization under an applied bias in a humid environment. Fluorescing and color-change dyes have also been applied to Al after corrosion in order to identify the locations of the hydrous aluminum oxide corrosion product [7] . More recently, Johnson and Agarwala incorporated into paint different chemicals that fluoresce upon oxidation or upon complexation with metal cations formed by the corrosion process.
The present work focuses on various coating systems with an acrylic-based organic matrix and different indicating compounds that can be used to sense the pH change associated with the corrosion process. The sensitivity of these coating systems for detection of cathodic reactions associated with corrosion was determined by applying constant cathodic current densities and measuring the charge at which color change or fluorescence was detected. Electrochemical Impedance Spectroscopy was also performed after different immersion times in 1 M NaCl solution to test the influence of the indicating compound addition on the coating corrosion protectiveness.
EXPERIMENTAL pH Sensing Coating Systems
Clear acrylic paint (ECS-8 (+) paint from Tru-Test Mfg. Co., Cary, IL) was mixed with different color-change (phenolphthalein or bromothymol blue) or fluorescing (7-hydroxycoumarin or coumarin) pH indicators. Color change can be easily observed through the transparent acrylic matrix. These indicators were chosen as additives because the pH ranges over which they change color are in the alkaline region, e.g. 8.2-10 for phenolphthalein and 6-7.6 for bromothymol blue. The indicators were added at concentrations from 0.1 to 2.4 wt%, which is the saturation concentration for phenolphthalein in acrylic. Both 7-hydroxycoumarin and coumarin are fluorescent acidbase indicators with pH ranges for fluorescing of 6.5-8.0 and 9.5-10.5, respectively.
The indicating layers were coated by cotton swab on the surface of Al alloy samples that were previously mounted in epoxy and polished to #600 grit emery paper, and the coating thickness was controlled by the number of swab applications. These samples were then top-coated with a uniformly-sprayed clear acrylic (containing no indicating compounds), Figure 2 . The combined thickness of the two layers was about 10-20 µm. Color change was monitored with the unaided eye. Incident UV radiation from a UV lamp (UVP Inc.) with a major peak wavelength of 365 nm was used for the systems containing fluorescent compounds.
The critical pH value for color change or fluorescence was determined by titration using various coatings applied on glass slides. The samples were immersed in stirred DI water and drops of 0.01, 0.1 or 1 M NaOH solution were added. The pH was recorded and the sample surface was monitored for color change or fluorescence. The effect of curing time on the color change or fluorescence response was determined for several modified acrylic-based coating systems. The time for initial color change or fluorescence was measured for coatings on glass slides in two or three selected pH solutions after various curing times.
Galvanic corrosion tests
For galvanic corrosion tests, a 4 mm diameter copper rod was inserted into a 5.5 mm diameter hole in an Al 2024 sample, but kept electrically isolated by filling epoxy in between. The sample was mounted and polished to reveal a section of the rod in the alloy. The various pH sensitive coatings were applied on the polished surface. The sample was immersed in 1N NaCl solution and the galvanic current was measured using a zero-resistance ammeter (Gamry Instruments PC3 (+) with CMS 100 (+) measurement software).
EIS characterization of acrylic-coated sample
Electrochemical Impedance Spectroscopy (EIS) has been used widely to evaluate the resistance of coated metals to corrosion. In this study, EIS was performed on different types of acrylic-phenolphthalein indicating coatings using the Gamry Instruments EIS 900 (+) system. The indicator content in the acrylic-based paint was 0.5 or 2.4 wt%, and one or two indicating coating layers were applied, corresponding to a total coating thickness of about 15 and 30 µm, respectively. For the 2.4 wt% phenolphthalein content acrylic indicating coating, additional tests were performed on samples with an extra topcoat layer of pure acrylic having a thickness about 10 µm. Two or three samples were fabricated and tested for each case. Also, as control experiments, samples coated with pure acrylic were tested by EIS at different immersion times. EIS tests were performed at prolonged immersion times in 1M NaCl, including the time for initial color change of the corrosion sensing coating. The EIS experimental parameters were as follows: frequency range 0.01 to 10,000 Hz, 10 pts per decade, and ± 10 mV potential amplitude relative to the open circuit potential. Immersion cells were covered completely to minimize evaporation during the immersion period. The initial color change time was monitored by visual inspection.
RESULTS AND DISCUSSION

Characteristics of the Sensing Coatings
The first task in this study was to determine if the approach of using paint to sense corrosion is reasonable, and several preliminary experiments were performed. Samples of Al alloy AA5454 were coated with different coating systems and immersed in 1 M NaCl. After a certain immersion time, colored spots were seen to appear, Figure 3 . The dark spots seen in Figure 3 are defects in the coating, and not pits. The colored spots that developed were red and blue for acrylic-based coatings containing phenolphthalein and bromothymol blue, respectively. This suggested that the spots of color change were, in fact, the sites of increased pH associated with the cathodic reaction of the local attack of the coated Al alloy in the chloride solution. As will be shown below, a volume of corroded material equivalent to a 15 µm radius pit will generate sufficient charge to create a color-change spot. Furthermore, the surface of a sample abraded to 600 grit is relatively rough. Therefore, it is not possible to find the corroded area responsible for a small color-change spot by microscopic examination. However, as shown in Figure 4a , the initial color change spots do tend to be associated with polishing scratches, which may be sites for the initiation of localized attack. After extended immersion times, pits are clearly seen to develop near red-colored regions, Figure  4 (b), 4(c). It should be noted that the red spot on the left side of Figure 4 (c), which is separated from the pit by about 200 µm, may be related to a pit that is out of the frame of the photograph.
In order to demonstrate further that the initial color change of the sensing coating is associated with corrosion processes, the same coating was applied to the surface of a highly polished sample (to 3 µm diamond paste) and the sample was immersed in 1 M NaCl solution. The sample surface was observed by optical microscopy at magnifications of up to 1000x at 5 min intervals. Red color change spots could be observed after only 20 min immersion, and pits were clearly associated with these red spots, Figure 5 (a), 5(b). The roundish features on the surface in Figure 5 were also present before solution exposure. Examination of these features by atomic force microscopy indicated that they were about 10-20 µm in diameter and protruded from the surface by about 1-3 µm, Figure 6 . Such features are not found on surfaces abraded to 600 grit prior to coating. It is assumed that they form as a result of lower surface tension at the interface of the acrylic and the highly polished sample surface.
In order to check the assumption that a remote cathodic reaction associated with crevice corrosion could be detected, an artificial crevice cell was assembled as shown in Figure 7 . Two pieces of alloy 2024 were mounted in epoxy, one concentric to, but isolated from, the other. After polishing and coating with a acrylic/phenolphthalein (2.4%wt) sensing system, the sample was clamped between two solid acrylic sheets so that the entire inner electrode and part of the outer electrode were covered. The assembly was immersed in 1 M NaCl and a potential of 500 mV was applied between the two electrodes such that the current flowing to the inner electrode was positive. This design simulated crevice corrosion by having a buried local anodic site surrounded by cathodic area that was partially buried. After 4 hr, a clear uniform red color developed on the portion of the outer cathodic electrode that was not covered by a solid acrylic sheet, Figure 8 (a). The ohmic potential drop associated with current flow to buried regions of the outer electrode resulted in most of the current flowing to the uncovered part of that electrode. After 26 hr, the color change can be clearly seen in the upper right corner beyond the dashed line in Figure 8 (b). After this extended immersion time, several pits formed on the outer part of this electrode despite the applied cathodic current. These pits may have been regions of cathodic corrosion, to which Al alloys are susceptible. Nonetheless, the fact that the cathodic current flowed to the exposed cathodic area validates the approach of using a sensing coating system to detect the cathodic reaction associated with buried crevice corrosion.
The critical pH values for color change or fluorescence of various compounds are well known [10] . However, the values may change when these compounds are mixed with an organic matrix and applied to a surface. In order to determine the critical pH values of the coatings, titration tests were performed on samples consisting of glass slides coated with the sensing paint, but no topcoat. These samples were immersed in deionized water, and NaOH was slowly added while monitoring the solution pH until a color change on the sample was observed. The results are given in Table 1 . It was found that the acrylic/phenolphthalein coating and acrylic/bromothymol-blue coating (both with 2.4 wt% indicator content) had almost the same critical pH value for color change of about 10. Note that this value is well above the range of critical pH value for color change for pure bromothymol blue. The critical pH value for the coating containing the fluorescing compound 7-hydroxycoumarin was much lower than that with other pH indicators. It is clear that the pH values for color change or fluorescence of these compounds are not necessarily the same after they are mixed with organic paint matrices. In order to confirm the change in critical pH value after mixing pH indicators with acrylic, another commercial blue-tinted Al primer (#1200 (+) from Tru-Test Mfg Co, Cary, IL), which contains acrylic resin, mineral spirits, glycol ethers and ethyl acetate was tested as a matrix containing pH indicators. Titration test results showed the same deviation from the critical pH values of pure compounds, Table 1 .
Sensitivity Determination
It is of interest to determine the sensitivity of the various coating systems to corrosion, i.e. how much corrosion is required before a color change is observed. One way to do this is simply to measure the time for the first sign of observable color change at open circuit in a certain solution. Figure 9 shows the time for initial color change for phenolphthalein-containing coatings on AA2024-T3 immersed at open circuit in 1 M NaCl. Color change is observed sooner as the phenolphthalein content increases. This decrease in time for color change could be attributed to two separate factors: increased sensitivity of the coating to pH change, or decreased protectiveness of the coating leading to faster corrosion. It is therefore important to determine both how much corrosion is needed for observable color change for each coating system independent of the coating protectiveness, and also to measure the protectiveness of each coating independent of its color change ability. As described below, a new sensitivity test was developed for the former, and EIS was used to test the latter property.
Since the system senses corrosion by detecting the pH change associated with the cathodic reaction, one measure of the sensitivity of the coatings can be assessed by impressing a cathodic current on the metal and determining the time for color change. The sensitivity to pH change at the coating/metal interface is determined independent of the protectiveness of the coating because the cathodic current is forced. Constant cathodic current densities were applied to samples of the type shown in Figure 2 (i.e. not in the artificial crevice cell) in 1M NaCl solution. The samples were immersed in the solution for 10 minutes before each test. The time of the initial color change or fluorescence as determined by the unaided eye was measured for each value of applied current density.
Since current density, i, is defined as q/t, where q is charge density and t is time, the following relationship should exist between the elapsed time until detection of color change, t DET , the charge density passed at detection, q DET , and the applied current density, i APP : log t DET = log q DET -log i APP (2) Therefore, a plot of log t DET vs. log i APP should have a slope of -1, and an intercept that provides a value of detectable charge density, which is a measure of the sensitivity. The data for the acrylic/phenolphthalein (2.4%wt) indicator coating as well as a fit to Eqn. 2 are shown in Figure 10 . The detectable charge density is found to be 5.26 x10 -4 C/cm 2 . Assuming that this amount of charge was generated from a single hemispherical pit, the radius (or depth) of the pit, r, can be calculated from Faraday's law:
where A CATH is the area over which the cathodic reaction is occurring in cm 2 , M is the effective atomic weight of the alloy (close to 27 g/mole for Al alloys), ρ is the alloy density (close to 2.7 g/cm 3 for Al alloys), n is the charge on the dissolved metallic ion (3 for Al), and F is Faraday's constant. It is also assumed in Eqn. 3 that 20% of the anodic charge in the pit would be consumed locally by hydrogen evolution in the pit.
The time for color change in the galvanostatic experiments summarized in Figure 10 varied over a wide range depending on the applied current density. Figure 9 shows that the time for color change at open circuit for the 2.4% phenolphthalein coating was about 5 hr, which is longer than the time required for every value of applied cathodic current except the lowest, 10 -8 A/cm 2 . At this very low applied cathodic current density, the time for color change was about 28 h, which is significantly longer than the time required at open circuit. This finding may be caused by a reduction in pitting due to cathodic protection and resulting differences in local current distribution.
It is obvious from Eqn. 3 that the size of a detectable "effective" pit should be related to the size of the cathodic area. In other words, if the anodic charge associated with a pit is spread over a larger cathodic area, more charge (more time, or a larger "effective" pit) would be required to cause a color change. However, there is a problem with the analysis presented above. According to Eqn. 2, the detection time should be independent of sample area for a constant value of applied cathodic current density. Figure 11 shows the effect of sample area on the sensitivity measurement for the acrylic/phenolphthalein system with an applied cathodic current density of 5 µA/cm 2 . It is clear that the detection time decreases with increasing sample area, in contrast to the expectations of the model. Another way to approach this discrepancy is to measure the detection time for different sample areas using a fixed applied current instead of a fixed current density. For a fixed current, I APP , the time for detection in the sensitivity experiments should vary with the sample area according to: t DET =(q DET /I APP )A CATH (4) Figure 12 showed the effect of sample area on the detection time with a constant applied cathodic current of 5µA, as well as the relationship expected from Eqn. 4 using the previously-determined value of q DET . The experimental data matched the expected values well when the area was less than 1.2 cm 2 . For larger sample areas, however, the measured detection times were smaller than the expected values.
Another interesting observation was that the initial color change that occurred in these experiments happened at small spots rather than uniformly over the whole area. These spots of color change appeared at essentially the same time. This localized effect also occurred during corrosion at open circuit, as shown in Figure 3 . The applied current will not flow uniformly to the electrode surface, but will instead tend to flow to the defective areas in the coating. This is also the case in a real coated crevice. Since a larger sample area will statistically be more likely to have severe defects, the time for detection will actually decrease rather than increase with increasing sample area. These observations must be taken into account, and the analysis can be improved as described presently.
Consider that the current flowing to a given coated sample is distributed among N defective points. The charge passed at the point of detection is then a total charge, Q TOT , which is equal to (N x Q DET ), where Q DET is the critical charge required for detection of each single spot. The previous analysis can thus be modified: (5) log (t DET / N) = log Q DET -log I APP (6) According to this analysis, a plot of log (t DET /N) vs. log I APP should have a slope of -1, and an intercept that provides a value of detectable charge, Q DET . Figure 13 shows the data replotted in this fashion, along with a fitted line with slope -1. N was taken to be the number of the first color change spots to appear. From the intercept in Figure 13 , Q DET can be determined to be 1.22 x10 -4 C. The form of Faraday's law shown in Eqn. 3 needs to be altered to consider the detection charge instead of charge density:
This "effective" pit size is independent of the cathodic area, but dependent on the number of defects, N, since the intercept in plots like Figure 13 will be dependent on N. Using the value for Q DET of 1.22 x10 -4 C, the size of an effective detectable pit with the acrylic/phenolphthalein system was then 13.6 µ m. The detectable pit depth determined in this fashion was used in this study as a measure of the sensitivity of the indicating coating systems. A small detectable pit depth is thus associated with a highly sensitive coating. This approach to determination of the sensitivity of these coating systems to underlying corrosion suggests that a very small amount of corrosion can be detected.
Following the method discussed above, the sensitivities of different sensor coating systems were determined, and the results are presented in Table 2 . It should be noted that different ranges of applied constant cathodic current were used for the different coating systems due to the differences in color change or fluorescence response. The results in Table 2 are well-correlated with the critical pH values determined for the different systems, which were given in Table 1 . The sensitivity of the acrylic-based systems with phenolphthalein and bromothymol blue were similar (and probably within the error of the analysis), which corresponds to the fact that the critical pH determined from titration for these two systems was identical. The acrylic-based coating with 7-hydroxycoumarin was much more sensitive as it exhibited a very small detectable pit size. Furthermore, the sensitivity increased (detectable pit radius decreased) as the 7-hydroxycoumarin content increased to 0.5 wt%. The response of this system was extremely long-lived compared to other systems. The fluorescent spots could easily be seen for long periods of time (several hr to several days, depending upon the charging conditions) after the cessation of the cathodic current and removal from solution. In contrast, the systems with phenolphthalein reverted back to colorless after less than 1 hr following the cathodic treatment and removal from solution. This fading took somewhat longer, about 12 hr, following long term immersion in chloride solution at open circuit. It is therefore clear that the critical pH values of the organic/indicator mixtures have a strong effect in determining the sensitivity of the coating system for corrosion detection.
During experiments where 2024-T3 was galvanically coupled to a piece of Cu and covered with an acrylicphenolphthalein coating (2.4 wt%), color change only occurred on the surface of copper sample where the cathodic reaction predominated. The critical charge at the time of initial color change can be calculated from integration of the measured current by the ZRA. This charge can be converted to an effective pit size in order to get coating sensitivity. For the acrylic-phenolphthalein (2.4 wt%, two layer) coating, the effective observable pit size determined from the galvanic corrosion experiment was found to be 7.5µm, which corresponds well to the results from the constant cathodic current sensitivity tests (7.9 µm). This suggests that the galvanostatic approach for sensitivity used in this study for accelerated testing is reasonable.
A comparison of the time for initial color change at open circuit to the effective detectable pit radius determined by the galvanostatic sensitivity test is given in Figure 14 for a range of coating systems. It is clear that there is a correlation between the two values of sensitivity, which were measured in totally different fashions. The time for initial color change at open circuit is influenced by both the protectiveness of the coating and the sensitivity of the material to pH increase. The galvanostatic test, however, imposes a current, and is thus independent of the coating protectiveness. The correlation of the two values suggests that the time for initial color change is not determined by coating protectiveness, but rather by the sensitivity to pH change.
EIS Experiments
The protectiveness of the coatings can be determined independent of their sensitivity to pH using EIS. The EIS data were fitted to the equivalent electrical circuit shown in Figure 15 using the Z-View program. Breakpoint frequency values, f b , were also determined from the EIS data and were used to calculate values of pore percentage according to methods described in the literature [16, 17] . An example of a fit obtained in this fashion is shown in Figure 16 . For acrylic-based coatings on Al 2024 alloy, it was found, as expected, that the coating and double layer resistance decreased, and the coating and double layer capacitance increased, with increasing immersion time in 1M NaCl. Figure 14 , indicated that short times for color change were not a result of low coating protectiveness. The coatings with the shortest color change time actually had the highest low-frequency impedance and the lowest pore percentage. The relationships of R po , R ct , S/S 0 , effective detectable pit radius and time for initial color change verify the breakpoint frequency theory [16, 17] . It is possible that the decreased time for color change associated with the most-protective coatings is a result of effective trapping of the solution in the pores compared to the less protective coatings.
CONCLUSIONS
The viability of using modified paint systems to detect hidden crevice corrosion in the underlying metal was studied in this work. The approach was to add a pH-sensing compound to detect the pH increase associated with the cathodic reaction that accompanies the anodic corrosion reaction. Different combinations of organic matrix and indicating compounds were studied. Titration experiments, sensitivity tests, EIS, and electrochemical DC techniques have been applied to characterize the modified corrosion sensing coating systems. The following conclusions can be made: 
